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Introductory. 

Since our previous communications on cane sugar (' Roy. Soc. Proc.,' A, vol. 77 , 
1906) and on calcium ferrocyanide (' Phil. Trans./ A, vol. 209) we have endeavoured 
to improve the apparatus and method therein described. In these endeavours, two 
objects, besides that of determining osmotic pressures, have been in view : (l) to find 
out what are the best conditions for making the method both accurate and of general 
applicability ; (2) to obtain data for the construction of suitable apparatus for the 
determination of the absolute vapour density of liquids in air or other gas. 

As far as accuracy is concerned, the close agreement between osmotic pressures 
observed directly, and those here calculated from the vapour pressures, shows that, 
for solutions at 0° C. the method is susceptible of considerable precision. The 
experiments at 30° C, however, are on the whole not quite so concordant ; this is 
probably because the quantity of water vapour in the air stream is some six times 
the amount carried at 0° C, so that small variations in conditions which would be 
without effect at the lower temperature, now make themselves apparent. This, 
indeed, is shown clearly in the magnitude of the correction to be applied for the 
expansion of the air between the solution and water vessels (see p. 316). In the early 
stages of the work (at 0° 0.) our results indicated that the successful application of 
the method depends largely on the control of the experimental conditions ; 
accordingly we made as many changes as possible, but as each experiment takes 
several days to complete, a long time is required to determine the effect of any one 
change. The departure of Mr. Hartley for the front prevented a further 
investigation of the question but we think that no new changes will alter sub- 
stantially the results now presented. 

The importance of measurements of the absolute vapour density of water vapour 
in air has been realized generally for some time past ; the differences between 
Hegnault's values for air and for a vacuum (at 0° C, especially) require 
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re-determination, the more so in that his air values seem in themselves not very 
satisfactory, and it is just the air values which are wanted in the majority of 
researches. The experimental error of our results is now reduced sufficiently to 
warrant the belief that in absolute measurements the chief difficulty will lie in the 
determination of the quantity of air passed, rather than in the amount of water 
vapour it carries. 

The research is divided into two parts. In Part I. are given the measurements of 
the compressibilities of the solutions ; these were carried out with the aid of 
Dr. Burton. Part II. embodies the experiments on the vapour pressures of solutions 
of cane sugar and ot-methyl glucoside at 0° C. and 30° C, also some determinations of 
the vapour pressures of dilute sulphuric acid. All the experiments, except a few 
dating later than January 22, 1916, were done in conjunction with Mr. Hartley. 

As both these gentlemen have left the laboratory and are not within reach, the 
other author should be held responsible for all mistakes in presentation of fact or 
theory. 

PART I* 
The Compressibilities. (Berkeley and Burton.) 

In a previous communication we have given the results of our measurements on the 
compressibilities of calcium ferrocyanide solutions. These results were not very 
satisfactory because the experiments had to be carried out as rapidly as possible, 
otherwise the prolonged strain on the outer glass tubef (through which the readings 
on the piezometer stem were taken) soon caused it to collapse. 

New Apparatus, — -To obviate this, a new apparatus, A, was designed in which the 
glass tube was replaced by a metal casting pierced for windows. With this 
apparatus some of the experiments here recorded were made ; but as the main 
features of A are embodied in yet another apparatus, B, the former will not be 
described. 

Fig. 1 shows B in elevation. The apparatus is divided into two main pieces, A 
and B, which are joined " pressure tight " by means of a dermatine ring as shown ; 
this method is similar to that described by us in ' Phil. Mag./ vol. 32, 1916, p. 157. 
The upper part A (called the dome) is furnished with a pair of windows, C (the use 
of which will be described later), and is joined to the pressure system by a nut fitted 
with differential threads, by means of which the steel pressure tubing, 'E, can be forced 
home into its conical seating at D. The part B which is closed at the bottom by a 
nickel-steel plank (made u pressure tight " by dermatine), carries five pairs of windows, 
F, spaced at regular intervals for observing the level of the mercury in the stem of the 

* This part of the research was completed in 1911. 
t See < Phil. Trans.,' A, vol. 209, p. 192. 



OSMOTIC PEESSUEES DEEIVED FEOM VAPOUB-PEESSUEE MEASUEEMENTS. 297 



to pressure apparatus 



steel tube 



D 




./■"tL 



piezometer. The windows are tapered plugs cut from one-inch plate glass ; they were 
inserted into dermatine washers moulded inside and outside to the same taper. The 
openings for the windows in the casting having been machined to this taper (large 
end inwards), the glass together with its 
dermatine wrappers was placed in position 
from the inside and pushed home as well as 
could be by means of wedges. On putting a 
high hydrostatic pressure on the apparatus a 
final " leak-tight " seating was secured. 

The Bath. — The whole apparatus (about two 
feet high) is immersed in a water-bath, which 
is furnished with a thermostat and stirrer; 
submerged electric lamps supply heat, and 
two of the lamps are under the control of 
the thermostat. The front of the bath is 
fitted with a plate-glass window, so that the 
graduations on the piezometer stem are seen 
clearly when a small 4- volt lamp is placed 
behind the apparatus. 

The same bath, divided into two compart- 
ments by a loosely fitting vertical partition, 
was used for the observations at 0° C. One 
of these compartments contained ice, and a 
constant stream of cold water was pumped 
from this compartment into the other. During 
an experiment, which took some hours, care 
was taken that the ice reached nearly to the 
bottom of the bath, and the supply was main- 
tained by hand. The temperature variations 
were observed by means of a Beckmann ther- 
mometer reading to 0°'01 C. (estimating to 
0°*001 C.) in the bath, and another reading 
to 0°"02 C. in the dome of the apparatus. 

Piezometers. — Piezometers similar to those 
of our earlier research were used in apparatus 
A, but in the course of the work we found 
that there were two drawbacks to this form : 
(l) the somewhat large bulb took a very 
considerable time to return to the temperature 
of the bath after having been heated or cooled by the alterations in pressure (at 
0° C. this effect is small) ; (2) it was found that for a given pressure on the 
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apparatus, there "was a difference in the final* position of the mercury level in the 
stem according as the pressure had previously been rising or falling. In all cases 
the falling pressure gave the higher reading. The cause of this was eventually traced 
to the lubricantf surrounding the tap key at the top of the piezometer. 

The piezometer shown in fig. 2 seems to 
meet both troubles. The bulb (total volume 
about 32 c.c.) is divided into two branches, A 
and B, thus giving a larger cooling surface. 
The tap is now placed at the end of a 
graduated capillary, CD, so that by careful 
manipulation the latter can be filled with 
mercury to a level which will be in the field 
of view of window 0, of fig. 1. 

The remainder of the piezometer contains 
the solution, except for a centimetre or two 
of mercury at the bottom of the stem. Thus 
the solution is confined between two surfaces of 
mercury, and although the mercury meniscus 
near the tap will move slightly, if this move- 
ment be noted the real change in volume of 
the solution can be calculated. 

The Pressures.— -The apparatus used is one 
of Schaffer and Budenberg s dead-weight 
gauges, delivering a maximum pressure of 140 
atmospheres. J The pressure was transmitted 
by castor oil from the screw plunger to a 
mercury U -tube ; and by water from the latter 
to the compressibility apparatus. 

In the course of the research it was noticed 
that rapid changes of pressure, especially when 
Fig. 2. on the up grade, caused some uncertainties in 

* That is when the temperature is constant again after the effects of changing the pressure hare 
disappeared. Constancy of temperature is indicated by the fact that there is no further movement in the 
mercury ; indeed, the piezometer is in effect a very sensitive thermometer. 

t For, on increasing the pressure, the lubricant is compressed, and as there is a slight difference 
in pressure due to the unbalanced height of the mercury in the stem, the key may move slightly into 
its seating; this movement obviously is not reversible. Occasionally, another source of trouble was 
encountered, namely, that caused by a small bubble of air left in the key of the tap when filling the 
piezometer ; this bubble could be seen easily, but it was found to be there sometimes even in the new 
form about to be described. The presence of this trace of air would give quite fallacious results for the 
lower measurements. 

X The same apparatus as was used for the determination of direct osmotic pressure, see * Phil. Trans./ 
A, vol. 206, 1906, p. 485. 
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the reading of the mercury level in the piezometer. Direct observation showed that 
when a certain rate of increase of pressure was exceeded, the mercury thread might 
move rapidly enough to leave some of the solution behind clinging to the walls of 
the capillary, and this was the more marked the stronger the solution. # To decide 
the maximum rate of change of pressure that would be safe, experiments (which 
are not detailed) were made with the most viscous solution (960 gr. of cane sugar 
per litre) about to be examined. Judging by the information thus obtained, the 
method of changing the pressure described below seems free from objection. 

A light metal cup was placed on the top of the floating weights of the Schaffer 
and Budenberg gauge. Above this was suspended a hollow cylinder with a conical 
end truncated so as to leave a horizontal opening of about 0"8 cm. in diameter. 
When it was desired to increase the pressure, a quantity of small lead shot equivalent 
in weight to one of the large weights supplied with the pressure apparatus was run 
into the cylinder. On opening the orifice the shot were delivered at a constant rate 
into the metal cup below, t 

When all the shot had run through, a needle valve, situated so as to cut off the 
compressibility vessel from the pressure apparatus, was closed ; and the metal cup 
with its contents was replaced rapidly by one of the weights, after which the needle 
valve was opened. This process was repeated until the mercury in the piezometer 
stem showed in the field of view of the adjacent window above. It was found that 
the pressure could be lowered slowly enough by means of two needle valves in 
series. 

Method Followed in the Determinations of the Compressibilities. — In the present 
research no attempt was made to get air-free solution. In our work on calcium 
ferrocyanide we found that this precaution was unnecessary. 

The method followed was to fill the piezometer by gentle suction, taking care that 
no visible bubbles of air were left behind. When full, the piezometer was inverted 
and some mercury run into the open tube above the tap, Miich, when cautiously 
opened, allowed a thread to flow downwards into the capillary (CD of fig. 2), the flow 
being stopped when the meniscus reached a part of the capillary known to be visible 
through the upper window (C of fig. l). 

If the determinations were to be made at 0° C, the piezometer when full was 
placed with its stem immersed in the solution, and the twin bulbs were then cooled by 
an ice pack until a temperature slightly above that of the bath had been reached ; 

* This effect is partly dependent on viscosity; for where, some solution has been left in the annular 
space between the mercury and the walls, this annular space is in effect a capillary tube through which 
the liquid has to be forced by the hydrostatic pressure of the mercury acting at the bottom of the enclosed 
solution. 

f The rate at which the shot fall is independent of the head of shot and depends on the diameter 
of the orifice. The correct diameter was found by trial, and was such as to cause the mercury in the 
stem of the more sensitive piezometer to rise 1 mm. in 25 seconds. 
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further cooling with the stem in mercury, caused the latter to rise to a suitable level. 
The piezometer was then quickly transferred to its position in the lower half of the 
compressibility apparatus which was already in the bath, and, with luck, the mercury 
thread carried in the stem joined the mercury already in place at the bottom of the 
apparatus. 

It was found that a satisfactory junction was greatly facilitated by chamfering off 
the bottom of the piezometer stem as shown at E in fig. 2. # 

A very similar procedure was followed for the experiments at 30° C. The 
piezometer being in place, the upper half of the apparatus was passed over the 
projecting bulbs and secured both to the lower half and to the pressure system. 

Supposing these operations to have been carried out successfully, the mercury 
meniscus should stand, when the bath temperature had been regained, slightly below 
the lowest window ; then a small increase of pressure will bring it opposite the 
window. 

On the other hand, should the meniscus be above this window, the apparatus has 
to be taken apart, the mercury driven out so as to replace some of it by solution, and 
after cooling, &c, replaced in the bath. 

When a steady state had been reached, the pressure on the apparatus, the level of 
the meniscus showing in the lower window and that in the topmost window 
(Oof fig. l), and the temperature both of the bath and of the interior of the 
apparatus were noted. The pressure was then increased until the meniscus showed 
in the second window ; this increase of pressure caused a development of heat which 
was dissipated in about three-quarters of an hour, as indicated by the constancy of 
the position of the meniscus ; when steady, the five quantities were again noted, and 
so on. 

Having taken the readings for the fifth window, the pressure was reduced 
and the process just described was precisely reversed until the initial phase was 
reached. 

It is to be noted, on the assumption that there is no hysteresis in the glass of the 
piezometer, t that the same readings (corrected for small displacements of the upper 
meniscus and for any change in the temperature of the bath) should be obtained 
whether going up or going down the scale of pressures. When these readings are 
noticeably divergent we have generally found that a pellet of solution has formed 
across the mercury thread and therefore such experiments should be viewed with 
suspicion. On the other hand even if the readings are. the same it is no proof of a 

* In later work this difficulty is overcome by fastening a small capsule containing mercury to the 
bottom of the stem. 

t We would draw attention to a source of error which has been observed in one of the Jena-glass 
piezometers. This error lies in the fact that some of the air bubbles usually present in capillary tubing 
(as long hair-like lines) communicate with the bore of the tube ; when under pressure minute threads 
of mercury can be seen to be moving in these capillaries. 
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good experiment ; there may have been liquid left behind on the capillary walls 
which is picked up again when the meniscus reaches it on its downward journey, 
but we have reason to think that this seldom occurs when changing the pressure 
slowly as already described. 

Example of Experiments. — The following experiments are selected from the 
laboratory note-book as a sample of our work with the twin bulb piezometer : — 



Experiment with a Solution of a- Methyl Glucoside at 0° C. 
(Wt. cone. = 54*692 gr. per 100 gr. water.) 
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Experiment with a Solution of Cane Sugar at 30° C. 
(Wt. cone. = 111*89 gr. per 100 gr. water.) 
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NoTE.—-The apparent constancy of the bath is partly fictitious. The thermometer ought to have been 
tapped before each reading. 



The Corrections.— As already mentioned, a correction has to be applied to the 
observed pressure for the height of mercury in the stem, this correction (A of Table I.) 
is self-evident and need not detain us, but a further correction (B of Table I.) due to 
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the same cause has to be applied to the volume of the piezometer, for it is evident 
that the higher the mercury in the stem, the more the walls of the bulb are caused 
to come in towards each other. 

To obtain this correction a set of separate experiments was made with each 
piezometer, thus : the piezometer was inverted and filled (up to the graduations in 
the stem) with recently boiled water. The &tem was then connected to a mercury 
manometer by means of a T-piece, so that by joining the T to an exhaust pump, the 
pressure on the water could be reduced and the amount of the reduction measured on 
the manometer. The change in volume caused by the change in pressure is given 
directly by the difference in readings of the water meniscus. These two corrections 
(together with others which will be understood readily) as applied to the experiment 
of June 12, are shown in Table I. 
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* These values are obtained by adding the coefficient of compressibility of the glass of the piezometer (=0 '223 x 10~ 5 ) 
to the numbers in the preceding column. 



The Results. 

Compressibility of Mercury.— The following is a summary of our results with 
mercury. Five observations were made :- — 

With Piezometer 1 a. The mean relative coefficient at 0° C. between 

1 and 101 atmospheres was 0169 xlO"™ 5 . 
With Piezometer 7. The mean relative coefficient at 1° # 8 C, between 

1 and 110 atmospheres was 0171 x 10~~ 5 . 
With Piezometer 1a. The mean relative coefficient at 29°*5 Q. between 

8 and 150 atmospheres was 0165 x 10"~ 5 . 



YOL ? ccxviji.-— a, 



9 a 
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With Piezometer 3 c. The mean relative coefficient at 2 9° '5 C. between 

8 and 89 atmospheres was 0*163 x 10" 5 . 

With Piezometer 7. The mean relative coefficient at 30°*4 C. between 

28 and 117 atmospheres was 0*169 x 10~ 5 . 

All the piezometers, except 7 and 8 which are made of soda-glass, are of Jena 
No.l6 m glass, we may therefore mean the results for 1a and 3c at 30° 0. 

If we take Amagat's value for the coefficient compressibility of mercury at 0° C, 
namely 0*392 x 10~ 5 and correct it to 30° 0. by means of Oarnazzi's (' Nuovo 
Cim.,' 5, 1903, pp. 73-89) temperature coefficient, we get 

0*393 xlO" 5 . 

Then the Jena-glass piezometer at 0° C. will have a coefficient of 

0*392 x 10- 6 -0-169 x lO" 6 = 0*223 x 10~~ 5 ; 
and at 30° C. it will be 

0*393 x 10- 6 -0164 x lO" 8 - 0'229 x lO" 6 ; 

whilst the soda-glass piezometers, Nos. 7 and 8, may be taken to have, at 0° C. and 
30° C, the coefficients 

0*221 x 1Q~ 5 and 0*224 x 10" 5 respectively. 

The Compressibility of Water. — For purposes of comparison we give two observa- 
tions at 0° C, which have already been published ; these were obtained with 
piezometer 1a, and the mean relative coefficient was, between 15 and 76 
atmospheres, 4*886 x 10~ 5 in the one case, and in the other 4*904 x 10~ 5 for a range of 
1 to 61 atmospheres. On adding the coefficient of compressibility of the Jena-glass 
the mean coefficient for water becomes 5*109 xl0~~ 5 and 5*127 x 10~" 5 respectively. 
These numbers agree with one another remarkably well and do not differ greatly 
from Amagat's values. The new results for water at 0° C. and 30° C. are given in 
Table II. , where the columns tabulate the following : — 

(l) Gives the number of the piezometer; (2) the mean temperature to which the 
results are reduced ; (3) the pressure range— in the experiments with piezometers 
7 and 8 the range is given both for a rising pressure and a falling one ; (4) gives the 
mean relative coefficient of compressibility ; (5) the coefficient for the glass of the 
particular piezometer in use, derived from the compressibility of mercury ; (6) the 
coefficient of the liquid alone, 
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On looking at the tables it will be seen that the values for piezometers 7 and 8 at 
0° C, although agreeing among themselves, are considerably lower than our previous 
results. We are, however, inclined to attach more weight to these experiments, for 
as may be seen by comparing the numbers for rising and for falling pressures, they 
are very concordant. In the experiments at 30° C, the earlier values with the Jena- 
glass piezometer are again higher. It is evident that the experiment with No. 7 at 
30°*19 C. is somewhat faulty ; we are unable to give a reason for this. * 

The Results for Cane Sugar. — The experiments at 0° C. are gathered together in 
Table III. where the columns have the same meaning as for water, except that the 
concentration of the solution is put under the number of the piezometer in column (l), 
and when the solution had been made up by weight, its approximate volume concen- 
tration (number of grammes per litre) is given in brackets. The numbers in column 
(4) for the experiments with the Jena-glass piezometers are generally the mean 
values obtained with a rising and a falling pressure ; these, as already mentioned, are 
by no means concordant. In one or two cases even with No. 7 there were failures 
due to temperature troubles or to the mercury thread breaking. These remarks 
apply generally to all our observations. 

Again it will be noticed that the No. 7 results are lower on the whole than those 
for the other piezometers. 

The experiments at 30° 0. are tabulated in the same way in Table IV., and again 
the values for piezometer 7 are lower. 

The Results for a-methyl Glucoside. — These, both for 0° G. and 30° 0., are given in 
Table V. All the observations are made with either piezometers 7 or 8 and they 
seem, except in one case, to be good. 

Final Values for the Compressibilities.— In this communication the com- 
pressibilities are only required for the purpose of calculating the s of Porter's 
equation. # The solutions themselves are very incompressible, so that even over the 
range of the highest osmotic pressure the effect on the volume is but small, and 
therefore the pressure effect on s will be that of a small correcting term. In these 
circumstances it will suffice to give the mean coefficients (over the range from one 
atmosphere to the osmotic pressure of each solution) that we will use later on. In 
the set of mean values entered in Table VI. greater importance was given to the best 
experiment with piezometers 7 and 8. 

The Calculation of s. -—Although it is common knowledge that the quantity s, for 
the solutions with which we are concerned, differs but little from unity, yet it seems 
worth while to give the following analysis (due to Mr. G. W. Walkee), as there are 
numerous cases in which a detailed statement may be important. 

Prof. Porter f defines s x as " the reduction in a practically infinite volume of 

* 'Roy. Soc. Proc.,' A, vol. 80, 1908, p. 460. 

t Loc. at. ...... 

VOL, OCX VIII. A. 2 T 
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Table VI. — Cane Sugar, 



Approximate 

volume 
concentration. 



420 
540 
660 
750 
850 
920 
960 



Weight 
concentration. 



34 
56 
81 
112 
141 
183 
217 
243 





O 

2 




5 




At 0° C. 



k x 10~ 5 . 



3-46 



Pressure 

range. 

1 to osmotic 

pressure. 



At 30° C. 



&xl0~ 5 . 



1 to 44 



2-78 


1 to 100 


2-53 


1 „ 135 


2-33 


1 „ 187 


2-20 


1 „ 230 



3-62 
3-31 
3-00 
2-73 
2-56 
2-36 
2-28 
2-15 



Pressure 

range. 

1 to osmotic 

pressure. 



1 
1 
1 
1 
1 
1 
1 
1 



to 



n 



5J 



n 



3? 



J> 



5J 



>> 



27 
47 
73 
108 
143 
199 
249 
264 



a-Methyl Glucoside. 



Approximate 

volume 
concentration. 



Weight 
concentration. 



23*0 
54-7 
73-3 
90-2 



At 0° C. 



k x 10 5 . s Atmospheres. 



4*096 
3*327 
3 • 027 
2-869 



1 to 30 
1 „ 81 
1 „ 113 
1 „ 141 



At 30° C. 



k x 10" 5 . 



J5 



3-860 
3-326 
3-104 
2-971 



Atmospheres. 



1 to 32 

1 „ 82 

1 „ H4 
1 „ 141 



solution when one gramme of solvent escapes " ; the pressure being maintained 
constant. The corresponding quantity for the solute is s 2 . 

Hence if iv is the specific volume of the solution at any pressure p, and c } and c 2 
are the concentrations (grammes per gramme of solution) of the two constituents, we 

deduce that 

s x = iv 



c 2 dw/do 






2? 



where w is a function of c 2 and p, and 



^ 



iv — C} ow ac u 



wj 



r\ 



where w is a function of c x and p. 



* Callendar, * Roy. Soc. Proe.,' A, vol. 80, 1908, p. 470, gives this equation without proof. It may 
be obtained thus : Let m\ and m 2 be the masses of the two components present in a volume V of solution, 
then m\l (mi + m 2 ) = ci and m 2 /(mi + m 2 ) = c 2 and w = V/(mi + m 2 ). Now add a mass Bmi of solvent, and let 
the increase in volume be SV, we have m 2 /(mi + m 2 + Smi) = c 2 + 8c 2 and w + Sw = (V + BY) /(mi + m 2 + 8mi), 
from which w - c 2 dw/dc 2 = 8Y/Sm h which is Si. 
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From this it follows, since c l J r c 2 = 1, that 



and 



Cydsjtet =^c 2 ds 2 /dc, . . (2) 



The form of ( 1 ) at first suggests that s 2 and s 2 are the specific volumes in the 
solution of the two components. This is not necessarily so. For calling the true 
specific volumes s x l and s 2 x , then we have w = s^ + s 2 c 2 , which on differentiating gives 



and 



thus 



s* = w—c 2 vtv/dc 2 -\-c 2 (c 1 ds 1 1 /dc 2 --c 2 ds 2 1 /dc 1 ) > 

s 2 x = w— d dwfdci — Cx (c t dsijdc 2 —c 2 ds 2 1 /dc 1 ) 9 

Si = 5 X and 5s 1 = s 2 only if c x ds^jdc 2 = c 2 d$ 2 jdc v 



There does not appear to be any adequate ground for supposing this condition 
is in general satisfied. If it is not, we have s± = 5 1 + )fcc 3 and 5/ = s 2 — h^ where 
k = (c x dsi/dc 2 — C2 ds^/dCi) is in general a function of the pressure and concentration. 

Returning now to the calculation of s v Some of the densities given in Landholt 
and Bornstein for cane sugar solutions having been verified experimentally, the 
remainder of their table was taken as correct ; the densities of the a-methyl glucoside 
solutions were determined by us and the mean values are tabulated in Table VII. 

Table VII. — Cane Sugar. 



Weight 
concentration. 


«i at 






0°C. 


30° C. 


34-00 


0-99768 


1*00287 


56-50 


0-99515 


1*00103 






81*20 


0*98157 


0*99873 






112-0 


0-98690 


0-99554 






141*0 


0*98321 


0*99176 






183-0 


0*97842 


0*98653 






217*5 


0*97399 


0*97360 






243-0 


0-97117 


0*98176 






Weight 
concentration. 


a-Methyl Glucosic 


ie. 




Densities at 


h 


at 












0° C. 


30° O. 


0° c. 


30° C. 


25-0 


«M«— 




_ 




35*0 


1*09319 


1*08399 


0*99810 


1*00260 


45*0 


1*11341 


1 * 10308 


0*99709 


1*00186 


55*0 


1*13149 


1*12017 


0*99597 


1 * 00087 


64*0 


1*14619 


1*13407 


0*99491 


0*99996 


75*0 


1*16243 


1*14942 


0*99354 


0*99881 


90*0 


1*18195 


1*16788 


0*99166 


0*99721 


105*0 


1*19896 


1*18399 

1 


0*98974 


0-99507 



2 t 2 
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Empirical formulae were then obtained which represented the experimental values of 
the densities and the compressibilities (Table VI.) for different concentrations, and 
from these formulae the values s x were computed as a function of c 2 and p . In 
Porter's equation # s x has to be integrated over a range of pressure from one 
atmosphere to the osmotic pressure of the particular solution ; it was considered 
sufficiently accurate to regard it as a linear function of the pressure and the mean 
value, 5 X (equals half the sum of the value at the limits) is given in Table VII. 



PART II. 

The Vapour-Pressure Measurements. 

Description of Apparatus and Method.— Although the method employed has 
already been described it may not be out of place to recall it to mind. 

Dry air is led through a number of vessels containing the solution, then through a 
vessel containing the solvent (water), and finally over sulphuric acid in the end vessel 
of the train. The air is supposed to flow slowly enough to be saturated up to the 
vapour pressures of the liquids. In these circumstances, if we call the sum of the 
losses of weight of solution and solvent l , and the loss in the solution alone l l9 then 
the observed ratio of the vapour density of the solvent to the vapour density of the 
solution is IJl^ 

This statement is however subject to various corrections ; but, before considering 
these, it will be convenient to describe the complete installation. 

Fig. 3 represents in diagram form the arrangement for passing the air stream over 
the vessels, as finally modified so as to eliminate the various sources of error, which 
several years' experience has shown to be possible. 

Filtered air, drawn from outside the laboratory, is passed through soda-lime, and 
then over the surface of sulphuric acid in vessel A, where it is deprived of almost all 
its moisture. (It may here be mentioned that the chief aim of this final arrangement 
has been to avoid, as far as possible, any sudden alteration of pressure ; the air 
passages are therefore made as wide as may be and at no point does the air bubble 
through any liquid.) On leaving A the air passes through another sulphuric 
acid vessel B which is in, and at the constant temperature of, the bath ; it then 
enters the train of weighed vessels 1, 2, 3, 4, and 5, which contain the various 
liquids under examination ; the last of these, No. 5, is again a sulphuric acid 
vessel. 

From 5 it goes to the regulating valve C. This valve, which was designed by 
Berkeley and Thomas for another research, consists of a biscuit-porcelain filter (f) 
surrounded to a variable height by mercury. It will be seen that the volume of 

* See p. 343. 
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air passing through the whole apparatus is approximately proportional to the area 
of the filter not covered by mercury, and it may he stated that we have found this 
device most useful, especially when it is provided with a graduated scale to enable 
one to set the mercury level to a definite height. 

Before reaching C, the air has passed a side-tube which connects with the vessel D. 
This vessel (of 5 litres capacity), containing a small quantity of water, the level of 
which is observed (telescopically) in the graduated capillary tube D 2 , serves three 
purposes. With the tap E closed, and the mercury in C adjusted to the proper 
level, the rise of the water in D 2 is a measure of the rate at which the air is passing ; 
thus any obstruction in the air stream will at once be indicated, while the amplitude 
of the oscillations (if any) of the water meniscus affords a means of detecting outside 
atmospheric pulses. Again, with the tap E open (and this is the normal position 
during an experiment) the outside air pulses are practically eliminated, and any 
oscillations that may then be apparent are the result of changes in pressure on the 
exhaust side. It was found that when the iron tank G was added to the apparatus 
the pulses were so reduced as to be scarcely perceptible. 

The air normally passes through tap F into G (200 litres capacity), and tap H is 
kept closed ; this latter tap is only used in conjunction with vessel J when testing 
the various joints for leaks. A partial vacuum is maintained both in G and in the 
15-litre jar K by a Fleuss pump (not shown) which is joined on at L. In the main, 
the degree of vacuum is determined by the height of oil in K, above the air inlet M. 

We will now consider the various corrections that have to be applied to the 
experimentally determined vapour pressures. 

Burton's Correction. — The most important of these is that which we will call 
" Burton's correction," for it was he who showed that the effect is not negligible as 
we had erroneously assumed. The correction is inherent in the method itself, and 
will be apparent at once when it is realized that the air stream (which has been 
saturated up to the vapour-pressure of the solution) on entering the water vessel is 
expanded slightly by the vapour it takes up there ; consequently the volume of air 
when leaving the water vessel is slightly greater than when it left the solution. 

This correction, together with the effect due to changes in barometric pressure, was 
briefly outlined in ' Nature' (March 11, 1915, p. 34) ; there are, however, other factors 
involved which make a more general discussion desirable. 

If we make the assumptions that the temperature of both solution and solvent is 
the same and remains constant, and that the air space between them is negligibly 
small, and further, that the air stream flows slowly enough for complete saturation 
and freedom from turbulent motion, then the following analysis (for which we have 
to thank Mr. G. W. Walker) will be applicable. 

Let p be the pressure of the air at any point in the train of vessels and r its rate of 
passage in cubic centimetres per second. Let ir v and 7r be the vapour pressures of 
solution and solvent respectively and p x and p the corresponding vapour densities. 
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If p 1 and r Y be the values of p and r when the air enters the solution vessel, then 
the volume of air that passes through this vessel in time St is 

-^- St, 



and the mass of vapour carried off is 



and the loss of weight will be 



Pi ^17 



H 



J Pi ■ — 7TV 



where t is the whole time of the experiment. 

In a similar way, if the dry air were passed through the solvent vessel the loss of 
weight would be 

dt. 



1 — 



rt 

Po r o Po 



oPo-^o 



But in the actual experiment the moist air passes from the solution to the solvent, 
so that the loss of weight in the solvent vessel is 



1,-1,= ?(*£!>£<> -.<&&,) a. 

Jo \Pq — 7T () JPi — 7TV, 



Since the mass of air passing through is the same at all points, npi = r p . Also 
as r is proportional to the effective driving pressure through, the whole train of vessels 
(and to a factor depending on the dimensions of the apparatus), if we assume this 
pressure and the barometer to be constant, we have 



4 _ PO __ Pi — 7T 



k P\ Pq — Tq' 



• (3) 



but £>! and p are of the order of 0*1 mm. Hg below atmospheric pressure, whilst the 
difference between them is of order 0*004 mm. Hg ; and further, the barometric 
pressure, B, is of the order 760 and tt of 30 mm. mercury ; we may, therefore, as a 
first approximation write 



and assuming 



we get 
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If either the barometer or the driving pressure varies, this formula is not strictly 
correct, and in general we should have to evaluate the integral numerically from a 
record of the pressures ; we may still, however, write 

l 1 = t (p^h\ and / ^(MoV) , 

\Pl — ir^J mean \jPq *~~ 7T / mean 

where the quantities involved must now be given some mean value, which is not 
necessarily the arithmetic mean. 

But in the experiments the magnitude of the quantities makes it clear that the 
arithmetic mean is a very close approximation to the true value, and hence equation 
(4) is sufficiently accurate if B is the mean barometer. 

To make quite sure that this is correct we have verified it in an extreme case, 
where during the experiment the barometer varied irregularly by some 30 mm., but 
no sensible error was introduced. Nevertheless cases may arise in which the error 
might be important, and attention is therefore drawn to it so that the correction may 
not be overlooked. For instance, during high winds the barometer fluctuates rapidly, 
and it is conceivable that equilibrium is not established throughout the apparatus 
instantaneously. In this case the assumptions made in the formula are not valid, and 
indeed we have some experimental evidence that the results are affected by rapid air 
pulses. 

As regards a change in the temperature of the bath, obviously the quantities in- 
volved in the calculation are also affected, but equation (4), in which the values 
appropriate to the mean temperature are used, is still a close approximation provided 
the temperature changes are sufficiently small. 

In our experiments \\\ is always less than 1'22, hence the osmotic pressure, which 
is proportional to log^/^, is approximately proportional to (l —li)/lol thus it is only 
with the loss of weight of the water vessel that the highest accuracy is required. 

We will now endeavour to estimate the errors involved should the assumptions 
made at the beginning of the preceding analysis not be strictly accurate. 

Solution and Solvent not at same Temperature* — Although the effect of a difference 
between the temperatures of the solution and solvent could be investigated fully from 
the equations already established, yet it is thought that the following simple method 
of considering the matter is sufficient. Take the case of a weight normal solution of 
cane sugar at 30° C. This solution is the most dilute that we have investigated, and 
it is here that the error due to a temperature difference has the largest effect. 
Suppose l = 20 gr. (i.e., 20 gr. of water are evaporated from the whole system during 
the run) and Z — ^ = 0'5 gr. Now assume a persistent difference in temperature 
during the whole run of o, 001 C ; this is equivalent to a change of 0*006 per cent, in 
the vapour density of water ; so that the loss in the water vessel will differ from the 



* 



See note at end of paper. 
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true value by 20 x O'006/lOO = 0*0012 gr., entailing a per cent, error of 0'2 both in the 
loss in this vessel and on the calculated osmotic pressure, 

Several attempts to explore the distribution of temperature throughout the bath 
were made with Beckman thermometers and with thermocouples, but, except within 
about 3 cm. of the surface, no certain indication of a difference approaching to 0°*001 C, 
could be detected ; further, as a check to this, vapour pressure experiments in which 
the bath was stirred 50 per cent, faster than the normal rate (in the normal rate, the 
surface of the water immediately over the stirrer is raised about 1 cm. above the 
general level) resulted in no change. 

Similarly, should the pressure p x (see equation (3)) over the solution differ from p 
over the solvent by as much as 0*015 mm. Hg, an amount which represents a change 
of 0*02 per cent, on the volume of air passed, we get an error on the loss of weight of 
the solvent of 0*0004 gr., and this is nearly 01 per cent, on the osmotic pressure 
derived from experiments on a weight normal solution at 30° C. Direct observations 
(by means of a sensitive oil manometer) of the difference between p x and p show that 
in no case is this quantity greater than 0'004 # mm. Hg, and the consequent correction 
will be, for the most dilute solutions, about 1 part in 5000. It should be pointed out, 
however, that the magnitude of the correction is proportional to the vapour pressure 
of the pure solvent, so that for very volatile liquids or water at a higher temperature 
the air passages must be wide so as to offer as little resistance to flow as possible. 

Air Space 'between Solution and Solvent.- — An error, due to the air space between 
the two vessels, may arise thus. When the barometer is varying no steady state is 
reached, and it is easy to see that as it takes a finite time for the air to travel 
from one vessel to the other, r, p 1 and r p are no longer equal, and a time lag 
results. 

An estimate of the maximum error due to this cause is the following. 

From the dimensions of the apparatus it is computed that, supposing 500 litres of 
air to pass in 125 hours, it will take 25 seconds to pass from one vessel to the other. 
If the barometer rises 30 mm. during the run, it is readily found that the solvent 
vessel will have lost 0*00005 gr. in excess of the amount given by the approximate 
formula (4). 

Slowness of Air Stream and Turbulent Motion. — There seems to be no means of 
subjecting these two factors to mathematical analysis ; but in both cases we may 
safely assume that any effect there may be will be enhanced when we increase the 
rate at which water vapour is taken from the system. Experiments, the details of 
which need not be given, were made in this direction, but without any variation in 
the result; also a further safeguard is provided by the fact that in experiments 
where there were two or more vessels (containing the solution) in series, the last 
vessel scarcely changes' in weight. It is as well however to point out that owing 
to the irregular contours of the air passages some turbulent motion must set up 3 

* This is for Apparatus A ; for Apparatus D the fall of pressure is about 0*001 mm. Hg. 
VOL. OCX VIII. — A. 2 U 
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and possibly fluctuations in this may help to cause the slight variations which seem 
to occur in high winds. 

Weighing Corrections. — In applying the usual buoyancy corrections there are two 
special circumstances to be considered. In the earlier part of our research we had 
been content to regard the loss of weight in the solution as a measure of the change 
in the volume of displaced air for which the buoyancy correction should be calculated. 
Having improved the manipulation and consequently the accuracy of the experiments, 
it was seen that this rough estimate could be bettered if we knew the specific volume 
of the solution remaining in the vessel at the end of the run. The data required are 
obtained approximately if we know the initial quantity of solution in each branch 
and how far crystallization has proceeded. 

The magnitude of the correction thus deduced is in no case greater than 0'0015 gr. 
and may in the calculations of osmotic pressure be neglected ; it however is of 
importance when we balance the losses against the gain by the sulphuric acid in the 
end vessel. 

Similarly, but only since November 5, 1915, have we applied the corresponding 
correction to the change in the specific volume of the sulphuric acid when it absorbs 
water. In this case we have succeeded in making the correction more precise, for 
knowing that practically all the water is absorbed in the first two branches^ of the 
vessel, it is an easy matter (especially in the new quartz apparatus) to cause their 
contents to mix, so that having noted the original amount of acid present the specific 
volume of this new solution can be calculated. The correction obviously depends on 
the relative quantities of acid and water ; it has never risen to a higher figure than 
0'0045 gr. 

From a series of blank weighings with vessels treated as in an actual experiment 
it was deduced that the probable weighing error is ±'0005 gr., a quantity which is 
about the millionth part of the total weight on the pans. 

Other Sources of Error. — A few other sources of error have been investigated, but 
as, in the apparatus used, their effect is never large enough to alter the results, they 
will only be mentioned briefly. There is a small weighing error due to the fact that 
the air contained in the water vessel t is saturated, and its density is therefore less 
than that of the air in the balance case. The usual buoyancy correction might have 
to be modified were it not that the vessels are weighed before and after the 
experiment under practically the same circumstances. It is found that even two or 
three degrees difference in the temperature of the balance case, although it causes a 
change in the vapour pressure, does not affect the weighings. 

It was thought that plunging the vessels straight from the laboratory temperature 
into the bath at 30° C. might bring about some uncertainties; these, if any, are 

* See Berkeley and Hartley, " On a New Form of Sulphuric Acid Drying Vessel/' ' Phil Mag./ 
vol. 29, 1915. 

t Care is taken that the pressure inside the vessel is the same as that in the balance case. 
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reduced to small dimensions if care be taken that the full air stream is not turned on 
before the apparatus has come to the ba/fch temperature ; on the other hand, we found 
that taking the apparatus out of the bath without any preliminary treatment 
caused a large error owing to the fact that the connecting tubes (and other air 
spaces) cooled more rapidly than the liquids, and so acted as condensers on which 
moisture was deposited ; this trouble was eventually overcome by running cold water 
into the bottom of the bath (so as to displace the hot water) until it just reached the 
level of the vessels. In this manner the liquids were caused to cool earlier than the 
connecting tubes. 

Another Possible Source of Error is that Due to Diffusion, — A small amount of 
diffusion of water vapour from the solvent to the sulphuric acid takes place during 
the time the apparatus is being set up and taken down ; the total time taken for 
these operations is roughly about four hours, and calculation shows that at 12° C. 
not more than 0*0002 gr. of water would come over. 

. The Vessels. — -Four different sets of vessels have been used in this research, and 
for a proper understanding of the objects for which they were made, a brief 
description follows. 

In the earlier part we used the set of vessels (with their platinum joining 
tubes, &c. ) and the method of oscillating the platform on which they stand in the 
bath described in 'Phil. Trans./ A, vol. 209, pp. 177-203. In the same communi- 
cation it will be noticed that one experiment (p. 188), where there had been no 
oscillation, gives a result that scarcely differs from the others. This led to a number 
of test experiments (details need not be given) which satisfied us that oscillation, 
anyhow under certain circumstances, was not essential. 

We will call this set, when oscillated, Apparatus Aa ; and without oscillation, 
Apparatus Ab. It is to be noted that from now onwards oscillation was given up. 

In the next set (Apparatus B) which followed the general lines of Apparatus A, 
but was unfortunately constructed of soft Jena-glass, three changes were made : 
(l) the capacity of the vessels was largely increased (the diameter of the tubing 
forming the horizontal branches is now V7 cm.) to ensure that, for a dilute solution 
such as weight-normal sugar, the loss of the water vessels would be large enough 
to reduce the probable weighing error to 1 part in a 1,000; (2) the dipping tube, 
that is the tube joining the water and sulphuric acid vessels, was now increased in 
diameter from 1 mm. to 6 mm ; (3) the platinum joining tubes were replaced by glass 
ones as shown in fig 4, which is a vertical cross-section through the centre of the 
vessels ; A, B, and C are ground and lubricated joints, drowned in mercury ; whilst D 
is a silver sleeve which was added when constructing the quartz-glass apparatus to 
be described. The object of this new form of joint is to enable the observer to weigh 
the inverted U- tubes E so as to find out whether water has been deposited in them. 
We would state here that normally water is only found in the U-tube joining the 

* The precautions to be taken when working at 0° C. will be obvious. 

2 u 2 
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water vessel to the sulphuric acid ; when it occurs in the other tubes there has 
always been some faulty manipulation or a rapid change in the temperature of the 
bath. 

Apparatus G. It was soon noticed that the soft Jena-glass seemed particularly 
liable to deposition of moisture (possibly this glass is more soluble than others ?) and 
also that cracks were developed in it. Hitherto, it will be recalled, the vessels are 
constructed so that the air enters at the middle of the first branch and leaves at the 
middle of the last branch ; the stream is thus divided, re-united, divided again and 
then re-united. 

It was thought that possibly better results would be obtained if the air were to 
enter at one end of the first branch, and, travelling along each branch in succession, 




Fig. 4. 



were to leave the vessel at the end of the fourth and last branch. Apparatus C 
was so constructed of ordinary soda-glass, but no apparent gain resulted. 

Apparatus D. Meanwhile a number of experiments were made with a view to 
preventing the deposition of moisture mentioned above. A quartz vessel was 
substituted for the water vessel in Apparatus B and was found to be an improvement, 
so it was decided to make all the vessels of silica glass, the joints being similar to 
fig. 4, with the addition of a silver sleeve D resting on the cone as shown in that 
figure ; this sleeve helps to prevent diffusion into the space surrounding the lower 
ends of the inverted U -tubes. 
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Even now water was occasionally deposited where it had no business to be. The 
cause of this was finally traced to the method we had hitherto employed in cleaning 
the vessels and their joining tubes. We had made a point of always cleaning out 
everything with "chromic" acid, and washing this acid out with distilled water (six 
washings in all) and then drying the parts in a current of air. It was noticed that 
dew formed at the places where the last drops of water evaporated off. This at once 
suggested that on evaporation the water left behind it some soluble substance, which, 
during the subsequent passage of saturated air, formed a solution having a smaller 
vapour pressure than pure water, hence the deposits. That the water actually did 
contain soluble matter was easily shown by evaporating off 100 c.c. in a platinum 
dish. 

Efforts to obtain water free from this soluble matter failed completely, even 
though it was redistilled four times with all the usual precautions for obtaining 
" conductivity " water. That the deposit shown on the platinum dish did not come 
from the atmosphere was proved by evaporating off the samples in a desiccator over 
sulphuric acid. Eventually the vessels were cleaned by giving them a final washing 
with pure alcohoP and drying in a current of warm air. Although this procedure 
was successful in reducing the trouble, yet the platinum tube (bore 6*5 mm.) which 
joined vessels 4 and 5 (the water to the sulphuric acid) generally contained about 
0*0030 gr. of water. 

No valid explanation of this phenomenon has yet been found, f and it is the more 
inexplicable in that three experiments hav6 lately been carried out in which both the 
third and fourth vessels were reserved for water, with the result that the quartz tube 
between 3 and 4 contained less than 0*0010 gr., while the platinum tube retained 
the usual quantity. One of these experiments was arranged so that hydrogen was 
passed through the train of vessels instead of air. 

We would draw particular attention to this question of the deposition of moisture, 
for there seems to be no doubt that it may have been a source of error in previous 
determinations of the absolute vapour density of water in air. 

The Experiments at 0° C. — These experiments were all made with Apparatus Aa. 
The cane sugar and the a-methyl together with the method of estimating the water 
content are described in 'Roy. Soc. Proc.' A. vol. 92, 1916, p. 479. The following is 
an example experiment. 

* The alcohol used was Kahlbaum's purest, re-distilled twice. Samples from the first distillation left 
deposits on the platinum dish, which were partially soluble in water, but the second distillation was found 
to be pure. 

f If the conclusion come to in the note added at the end of the paper be correct, namely, that the last 
branch of vessel 4 is at a higher temperature than the remainder of the bath, then condensation in the 
platinum tube is to be expected, 
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A word of explanation is necessary ; all weighings are made against a sealed 
counterpoise which is constructed of the same material as the vessels, and has 
approximately the same area exposed to the air. The counterpoise and vessels are, 
before weighing, treated with " chromic " acid, washed carefully with distilled water, 
and finally with pure alcohol. The alcohol is wiped off with linen dusters. It is hoped 
that this procedure results in leaving the surfaces in the same condition. The letters 
R and L mean that the counterpoise is on the right or left pan respectively, and the 
small correcting terms are those due to buoyancy. 

The results obtained for these two substances are given in Tables VIII. and IX. , 
and it should be mentioned that in all the tables relating to vapour pressure, columns, 
which are numbered the same, tabulate corresponding quantities. 

Column (l) gives the date of setting the apparatus up in the bath and starting the 
air current. 

Column (2) gives the weight concentration of the solutions, that is the ratio of 
number of grammes of anhydrous substance to 100 gr, of water. 

Column (3) gives the mean temperature^ of the bath during the experiment ; and 

Column (4) the mean barometer. It was only after the experiments at 0° C. were 
finished that the importance of Burton's correction was discovered. Although the 
height of the barometer had not been noted we were able to estimate the mean baro- 
metric pressure to an accuracy of 1 mm., from the records of a large-size aneroid baro- 
graph which is part of the laboratory equipment. Where by some mischance the 
barograph has failed, the barometer readings were kindly supplied by the Director of 
the Radcliffe Observatory at Oxford, to whom, our best thanks are due. 

Column (5). The numbers in this column are the total loss of weight of solution and 
solvent vessels; in the earlier part of the research we filled all solution vessels with 
the same solution ; later work showed that two different solutions in series might be 
used, and the numbers marked thus t indicate these experiments. The numbers are 
the observed values corrected for buoyancy. 

Column (6) gives the sum of the observed losses of weight of the solution and 
water vessels divided by the loss in the solution vessels, i.e., the ratio IJl^ 

Column (7) gives the change in weight in the inverted U-tube ("dipping" tube) 
connecting the water and sulphuric acid vessels. This tube was always weighed as 
soon as possible after disconnecting the vessels ; in most experiments with Apparatus 
Aa a trace of dew/! which quickly disappeared, was noticed on the outer surface of 
the part of the tube next to the water. A minus sign means that the tube lost 
weight on passing warm air through it ; a positive sign can only be the result of 

* In the cases where this quantity is enclosed in brackets it is to be understood that owing to some 
slight mishap the experiment is not as trustworthy as others. 

% Probably the dew (it was seldom observed with the other apparatus) is caused by the cooling of the 
air stream, when throttled by having to pass through this tube, which is slightly less than 1 mm, in 
internal diameter. 
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faulty manipulation. It must be remembered that the tube has to be weighed as 
quickly as possible. 

Column (8). This column is headed " tot up " ; by this we mean that the tabulated 
numbers are the difference in weight between the gain in the last vessel of the 
train (which contains sulphuric acid) and the sum of the losses of solution and water; 
the weight of water found in the " dipping 5 ' tube is added to that of the sulphuric 
acid, and a negative sign means that the losses are the greater, whilst the positive 
sign means that they are the smaller. It has been pointed out in a previous 
communication that the closer these numbers approach to zero the greater the 
probability that the experiment is a good one. 

Column (9) gives the number of hours during which the air has passed through 
the vessels. 

Column (10) gives p /p 1 the value of the ratio l Jl x corrected for "Burton's" 
correction (see p. 316) on the assumption that p 1 and p of equation (3) are equal to 
one another. 

Column (ll) gives log p Q Jp 1 corrected to the standard weight concentration^ 
printed across the page, and also corrected to the standard temperature of 0° C. or 
30° C, as the case may be. 

The Experiments at 30° C. — Before proceeding to enumerate the experiments on 
sulphuric acid solutions it may be mentioned that since the completion of the work on 
calcium ferrocyanide we have made over 60 special test experiments (they are in 
addition to such as are detailed here) which have taken 287 days to complete. For 
the most part these were directed to testing alterations both in the vessels and in the 
speed of the air stream ; a number were devoted to investigating the influence of ions 
in the air current (for this purpose a special set of vessels furnished with electrodes 
was constructed), but with no definite result ; others on " tot up," and fall of pressure 
along the vessels were also made. The changes thus suggested are embodied in 
Apparatus D, whilst the final method of causing the air to flow is given on p. 316. 

We give an example of what we consider to be a satisfactory experiment at this 
temperature. 

The experiments on sulphuric acid solutions we made more for the purpose of 
testing the experimental conditions than for the determination of vapour pressures. 
But as they have turned out to be sufficiently concordant we give the details in 
Table X. 

From a study of these figures the following remarks seem justified. 

* This correction is obtained from the equation log e p //°i = be + do 2, - ^ 3 ? where c is the weight concen- 
tration and b, d and e are constants. For cane sugar b = 4*881 xl0~ 4 , d= 2*4655 xl0"~ 6 , and 
e = 4*041 x 10~ 9 ; and for glucoside b ~ 9*54 x 10~ 4 5 d — 4*921 x 10" 6 ? and e = 1*668 x 10~ 8 . There 
is a maximum at c = 489 for cane sugar and one at c = 204 for the glucoside. 
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If we neglect the experiment of November 22, 1913, where the soda-lime tube was 
found to be nearly blocked up, the first two sets of experiments, as judged by the 
figures in column (ll), show very good agreement. It is probable that the experi- 
ment of January 8, 1914, is slightly too high, on account of air pulses, a gale blowing 
during the run. 

The experiments of October 26, November 11 and 25, in 1914, are only included to 
show the kind of results obtained when moisture condenses on the connecting tubes 
and in other parts, the magnitude of this is seen from the numbers in columns (7) and 
(8) ; but the last three experiments are in excellent agreement. In the first three of 
the next set, approximate buoyancy corrections for the specific volume of the 
sulphuric acid are applied, whilst the last three are properly corrected. 

Two important deductions may be drawn : — 

(l) The method, even with a liquid having a vapour pressure as high as 31 mm. 
mercury, is susceptible of considerable accuracy. (2) Confirmation is obtained of the 
view that the losses on the solution and solvent should be equal to the gain of the 
sulphuric acid. 

Experiments ivith Cane Sugar and a-Methyl Glueoside. — These are given in 
Tables (XL) and (XII.) and the columns have the same signification as before. 
The numbers in column (12) for both cane sugar and a-methyl glueoside are derived 
from the equation log e p /p 1 = bc + dc 2 — e& where, for cane sugar, b = 5'136xl0""* ? 
d = 1*866x10"°, e — 2*335 xlO" 9 , with a maximum at c = 647; and for a-methyl 
glueoside b = 9*088 x 10"" 4 , d = 3*891 x 10~~ 6 , and e = 1*511 x 10™ 8 , with a maximum 
at c = 252. The correction for temperature, which in all cases is very small, is 
assumed to be proportional to the temperature interval. 

The numbers in the column headed " jump " (the jump was not determined for the 
a-methyl glueoside solution) were obtained as follows :— -When the vessels had been 
weighed at the end of the experiment they were again set up in the bath and a 
Threlfall oil manometer was connected to the air-stream, so that the fall in the 
pressure along the vessels could be measured. It was found that at a certain point 
in the oscillation, ther6 was frequently a distinct and rapid throttling action ; the 
numbers in the column record the change of pressure due to this. # We would point 
out that a "jump" taking place at the end of an experiment, when water has 
already been transferred from one vessel to another, is no proof that the obstruction 
has been there during the whole run, and conversely, no "jump" does not necessarily 
mean that there has not been one during part of the run. 

The "new sugar" mentioned in the sugar column is some specially pure, which 
Messrs. Tate, to whom our thanks are due, kindly gave us. 

* The " jump" seems to be connected with the great viscosity of sugar solutions. 
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We would draw particular attention to the results noted in the long series of 
experiments with a weight concentration of 183*000 gr. to 100 of water. It would 
seem, judging from the numbers in column (11) with apparatus Aa (i.e., when 
oscillating) and apparatus Ab (no oscillation), that the results are more consistent 
when the "jump" is small. 

Coming now to the experiments with apparatus C, it will be noticed at once from 
the three experiments of May 28, June 6, and June 12, 1914, that the further the 
bottom of the dipping tube is from the water level (these experiments, unlike a 
similar set with sulphuric acid, were varied by keeping the water-level constant and 
altering the length of the dipping tube) the smaller log e p /p x becomes. In other 
words, the quantity of water taken away from the water vessel is a function of the 
vertical distance between the water and the tube. 

Obviously one way of explaining this is by supposing that some of the water which 
was originally in the air-stream condenses on the sides of the vessel before it reaches 
the dipping tube. That this explanation is probably correct is shown by the next three 
experiments ; in the first of these, the last branch of the water vessels was empty and 
consequently a large proportion of the water condensed in it ; in the next two this 
branch was coated with either paraffin wax or " bakelite, " with the result that the 
normal values were regained. That these results are normal is shown by the two 
experiments with apparatus D, where the vessel is of quartz and the dipping tube is 
some 0*3 cm. away from the surface. 

Thus we have conclusively proved that no accurate results can be obtained with 
these glass vessels, unless the bottom of the exit tube is very close to the surface of the 
water ; incidentally it may be remarked that such is actually the case with apparatus 
Aa and Ab. 

Air Pulses.— -It will be seen that the deviations in log e p /pi are larger than can be 
accounted for by the known probable error of weighing. During the search for an 
explanation of this, it was noticed that the results, when all other conditions were 
constant, seemed higher during the prevalence of gales. Unfortunately, this 
connection (if any) cannot be put on firm ground, because, as already stated, we have 
made as many alterations in the conditions as possible and consequently there are 
but few suitable experiments for comparison. 

Mr. J. W. Walker suggested that the anomalies might be due to the greater 
number and amplitude of the air pulses in high winds. # 

To reduce this source of trouble as much as possible the air current was altered so 
that there were no pulses of any kind either from the atmosphere or from the Fleuss 
pump, and the two experiments of June 24 and July 13, 1916, were carried out on the 
most dilute solution. The results show a satisfactory agreement and differ but little 
from previous experiments. One interesting fact requires mention. It was noticed 

* We were unable to test this hypothesis as the only suitable records of air pulses, those of Mr. Dines, 
are kept at the Meteorological Office and Sir N. Shaw would not let us have them for reference. 
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that in the experiments at 30° C. with dilute sulphuric acid the second vessel scarcely 
changes in weight, but with both cane sugar and a-methyl glucoside there is a small 
but persistent loss ; this effect may indicate that the latter two substances suffer 
a slight decomposition, but experiments designed to elucidate this point are now in 
progress. 

The Calculation of the Osmotic Pressures. — The osmotic pressures are connected 
with the vapour pressures by Porter's equation ('Roy. Soc. Proc/ A, vol. 79, p. 521), 

s 1 dp = vdp + udp, (5) 



ir n J 7r 7r J 7T„ 



where P is the osmotic pressure, and p the pressure on the solution ; 7rv and 7r are, 
as before, the vapour pressures of the solution and solvent respectively ; v and u are 
the specific volumes of the solvent vapour and pure liquid solvent respectively. 

In our paper on calcium ferrocyanide solutions we give reasons for thinking that 
equation (5) should be modified so as to be applicable to the vapour densities when 
measured in air. From the following discussion, which is contributed by Mr. G. W. 
Walker, it would seem that we were mistaken, and that the air values may be used 
without change. 

In the experiments the pressure on the pure solvent is one atmosphere. Hence (5) 
becomes 

s 1 dp = j v dp + u dp, 

but dw/Sp = ujv v for vapour over the pure solvent. (Cf Porter, loc. cit.) 
Therefore 

%i dp — v dp 

where ttq 1 is the vapour pressure observed. Again, dirjdp = s x vir for the vapour over 
the solution. 
Therefore 

s 1 dp = v dp, 



where ir v is the observed vapour pressure of the solution. 
Therefore 

s x dp = v dp* 



77 rr 



* This result might have been anticipated had it been noticed that Sir J. J. Thomson, in articles 90 
and 91 of "Applications of Dynamics," shows that the increase in vapour pressure of a pure liquid caused 
by the pressure of the atmosphere upon it, precisely balances the lowering brought about by the dissolved 
air in it. 

VOL. OCX VIII. — A, 2 Z 
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sP 
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v dp, 
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where 5 is the mean value of s over the range of 1 to 1 + P* If Boyle's law is true 
for the vapour In air we get 



P == log e ir\\ir\ X RT/S. 



(6) 



and modifying this in conformity with (4) we get 



P = log,[^-(^i-l)^o/B]xET/>, . 



. (7) 



where [hlk-ik/h ,-lWB] = p /pi = -*\W«. 

The osmotic pressures calculated by means of (7) are given in Tables XIII. and 
XIV. 5 in which column (l) gives the weight concentrate. Columns (2) and (5) the 
values of log e p f Pl obtained as a weighted mean value of the numbers in column (11) 
of the previous tables. Columns (3) and (8) the values of s used in the calculation, and 
(4) and (7) the resulting osmotic pressures. Column (8) gives such osmotic pressures 
as have been observed directly ; these are the results tabulated in ' Roy. Soc. 
Proc./ A, vol. 92, 1916, pp. 483-484, reduced to the new concentrations. 
Unfortunately, in that paper, by an oversight, the following two "direct" osmotic 
pressures were omitted: — A solution of cane sugar of weight concentration 56*631 
gave an osmotic pressure of 43*95 atmospheres, another of weight concentration 







Table XIII. - 


—Cane Sug 


jar. 






(1-) 


.(2.) 


(3.) 


( 4 -) 


(5.) 


(6.) j 

j 
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(7.) 


(8.) 






At 30° C. 






At 


° c; 




Weiglit • 
concentra- 




■ 


Calculated 




• 


Calculated 


Direct 


loge pol Pi. 


5. 


osmotic 


log* pol pi- 


3. 


osmotic 


osmotic 


tion. 




r 


pressure. 


— __,._. „...: — _. 




pressure. 


pressure. 




< 


atmospheres. 








■ 34'00 


0-01950 


1-00287 


26*82 


~-~~ 




— - 


_ * J 


1 56-50 


0-03429 


1-00103 


j 47 • 25 


0*03516 


0-99515 


43-91 


43-84 i 


I 81-20 


0-05256 


0-99873 


72-59 


0-05380 


0*99157 


67*43 


67-68 


1 112*00 


0-07762 


0*99554 


1 107*55 


0*07983 


0*98690 


100*53 


100*43 


141-00 


0-10305 


0-99176 


14:0 * DO 


0-10669 


0-98321 


134*86 


134*71 


: 183-00 


0-14231 


0-98653 


198-98 


0*14711 


0*97842 


186*86 




217-50 


0-17586 


0-97360 


249-16 


0-18080 


0*97399 


230*70 


_ — , 


243-00 
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0*20666 


0-97117 


264*46 
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Table XIV. — a-Methyl Glucoside. 



(1-) 


(2.) 


(3.) 


(< 
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(5.) 


(6.) 


<?.) 


(8.) 






At 30° C. 


* 




AtO 


°C. 


Direct 


Weight 






Calculated 






Calculated 


concentra- 


l°ge Po/pi- 


s. 


osmotic 


loge Po/ pi. 


s. 


osmotic 


osmotic 


tion. 






pressure, 






pressure. 


pressure. 






atmospheres. 








35 


'00 


0-03592 


1-00260 


49 


•42 





03878 


0-99810 


48 


29 


48-11 


45 


•00 


0-04731 


1-00186 


65 


14 
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0-99709 


64 
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63-96 
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00 
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46 


_____ 


105-00 


0-12144 


0-99507 


168-34 


0-13553 
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_ — 



56713 gave an osmotic pressure of 44*05 atmospheres; in neither case was there 
any "solution leak." Table XV. gives our calcium ferrocyanide results after 
applying Burton's correction. 



Table XV.— 


-Calcium Ferrocyanide at 0° C. 


Weight 
concentration. 


Calculated 
osmotic pressure. 


Direct 
osmotic pressure. 


31-389 
39-504 

42 • 889 
47-219 
49-857 


41-10 

70-59 

86-62 

112-97 

131*33" 


41-22 

70-84 

87-09 

112-84 

131-00 



The results for cane sugar and a-methyl glucoside are plotted against weight 
concentration in Diagrams I. and II. It is interesting to observe that the curves 
at 0° C. and 30° C. for a-methyl glucoside intersect. 
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Diagram II. a-methyl glucoside. 

Note added by Lord Berkeley, April 5, 1919. 

[During the course of further work on vapour pressures at 30° C, Mr. E. Stenhouse 
and I have found that with apparatus D when the 3rd and 4th vessels each contain 
water,* the latter always gives up a measurable quantity of vapour to the air stream. 
A number of experiments, which need not be detailed, have proved that the air on 
leaving 3 is saturated ; yet 4 loses, on .the average 0*000235 gr. of water per gramme 
of total vapour carried to, and absorbed by, the sulphuric acid in vessel 5. 

Three explanations seem to me to be possible : 

(1) The current of air may not be fast enough to prevent an extra loss caused by 
diffusion to the sulphuric acid. (It is to be noted that when no air passes, about 
0*03 gr. of water diffuses in the time usually taken for an experiment.) This 
hypothesis is ruled out by the fact that in an experiment with water in 3, 4 and the 
first two branches at 5 (the other two containing sulphuric acid), 4 still showed the 
usual loss in weight. 

(2) Remembering that the vapour is practically all absorbed in the first branch 
of 5, it seemed possible that the sudden drop in pressure caused by this absorption 

* It is only with apparatus D, where the deposition of water in the quartz joining tubes is very small, 
that we have been able to put two water vessels in series. 
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might disturb the air stream over the adjacent water sufficiently to upset the steady 
conditions of flow demanded by theory. Testing this hypothesis by an experiment 
in which the sulphuric acid was absent, there was the usual loss in 4. Incidentally 
this experiment strengthens the conclusion come to under (l), and it also shows that 
the heat generated in 5 by the absorption of the water is not the cause of the trouble. 

(3) Nevertheless I am driven to the assumption that a permanent inequality of 
temperature between vessels 3 and 4 is maintained. Unfortunately, when exploring 
the bath by means of thermocouples, as mentioned on p. 318, it was not realized that 
the presence of the train of vessels might make a difference to the free circulation of 
the bath water. A further examination with a Beckman thermometer (reading to 
0°°02 C. and estimating to 0°"002 C), placed alternately over the last branches of 3 
and 4 respectively (it is only the exit branches that matter), seems to show that the 
latter is 0°'0Q2 G. higher than the former. No stress should be laid on this result, 
for its magnitude only became apparent when the readings had been averaged and 
disentangled from the oscillations in the temperature of the bath as, a whole. It is 
noteworthy, however, that a difference of 0°'003 C. between the two vessels is 
sufficient to account for the observed loss. 

Whatever be the cause of the loss of water in vessel 4 of apparatus D, it is obvious 
that a correction should be applied to the experiments with that set of vessels. It 
seems probable that a correction should also be applied to the experiments with the 
other apparatus, but as the method of heating the bath, and the original position of 
the heaters cannot be recovered exactly, I am unable to determine what the correction 

should be. 

The accompanying table gives, for the experiments with D, the corrected values 
together with the osmotic pressure calculated from the mean log g pjp v 

It will be seen that the percentage difference between the new and old values of 
log e p /p 1 diminishes as the concentration Increases. Taking the values for cane sugar, 
the difference for the weight concentration of 34 gr. per 100 water is about 1 per cent., 
while at 183 it Is only 0*14 per cent. ; we may therefore feel confident that for 
higher concentrations the values given In the body of this communication would not 
be modified appreciably even if we were in a position to apply the correction under 
discussion. 

Sulphuric Acid at 30° C. 



Date. 


po/ph 


l°ge Pol pi* 


Oct. .9, 1915 .... 

„ 20, 1915 .... 

„ 28, 1915 .... 
Nov. 5, 1915 .... 

„ 13, 1915 .... 

„ 24, 1915 .... 


1-02502 
1-02493 
1-02491 
1-02497 
1-02482 
1-02498 


0-02472 
0-02462 
0-02460 
0-02466 
0-02451 
0-02467 
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Cane Sugar at 30° C. 



Date. 



Weight 
concentration. 



Po/ Pi 



l°g<? Pol Pi 
corrected to 

standard 
weight con- 
centration 
and 30° C. 



Osmotic 

pressure. 

Atmospheres. 



Mean 

osmotic 

pressure. 

Atmospheres. 



Standard weight concentration = 34*00 gr. sugar to 100 gr. of water. 



Jan. 25, 1916. 
June 24, 1916 
July 13, 1916 



33-941 


1-01947 


0-01931 


26-56 


33-965 


1-01942 


0-01926 


26-49 


33-980 


1-01945 


0*01927 


26-50 



• 26-52 



Standard weight concentration = 81*20 gr. sugar to 100 gr. water. 



Jan. 25, 1916 



81-198 



1-05379 



0-05239 



'/.- 



72-36 



Standard weight concentration = 141*00 gr. sugar to 100 gr. water. 



July 13, 1916 



14L-257 



1-10865 



0-10289 



143-11 



Standard weight concentration 



183*0 gr. sugar to 100 gr. water. 



Jan. 19, 1916. 
June 24, 1916 



182-737 


1-15240 


0-14211 


198-70 


183-160 


1-15277 


0*14201 


198-56 



198-63 



a -Methyl Glucoside at 30° C. 



Date. 



Weight 
concentration. 



Po Pi 



foge Po/ Pi- 

corrected to 

standard 
weight con- 
centration and 
30° 0. 



Osmotic 

pressure. 

Atmospheres. 



Mean 

osmotic 

pressure. 

Atmospheres. 



Standard weight concentration = 64*00 gr. a-methyl glucoside to 100 gr. water. 



May 12, 1916 

„ 19, 1916 

June 9, 1916 , 



63-810 


1-07210 


0-06986 


63-810 


1-07222 


0-06997 


63-818 


1-07203 


0-06977 



96-37 
96-53 
96-24 



96-38 



Standard weight concentration = 90*00 gr. to 100 gr. water. 



Dec. 4, 1915 



90-049 



1-10748 



0-10203 



141-13 



